Transmission characteristics of one-dimensional photonic crystal structure with a defect have been studied. Transfer matrix method has been employed to find the transmission spectra of the proposed structure. We consider a Si/air multilayer system and refractive index of Si layer has been taken as temperature dependent. As the refractive index of Si layer is a function of temperature of medium, so the central wavelength of the defect mode is a function of temperature. Variation in temperature causes the shifting of defect modes. It is found that the average change or shift in central wavelength of defect modes is 0.064 nm/K. This property can be exploited in the design of a temperature sensor.
Introduction
Since the last two and half decades, investigations on various properties of photonic crystals, particularly photonic bandgap materials, have become an area of interest for many researchers [1] [2] [3] [4] [5] [6] . It was observed that periodic modulation of the dielectric functions significantly modifies the spectral properties of the electromagnetic waves. The transmission and reflection spectra of such structures are characterized by the presence of allowed and forbidden photonic bands bands similar to the electronic band structure of periodic potentials. For this reason, such a new class of artificial optical material with periodic dielectric modulation is known as photonic bandgap (PBG) material [3] . Fundamental optical properties like band structure, reflectance, group velocity and the rate of spontaneous emission, and so forth can be controlled effectively by changing the spatial distribution of the dielectric function [4, 5] . This fact has opened up important possibilities for the design of novel optical and optoelectronic devices. Conventional photonic crystals have periodic modulation of homogeneous refractive indices, and they are artificially fabricated with periods that are comparable to the wavelength of the electromagnetic waves. These photonic crystals lead to formation of photonic bandgaps or stop bands, in which propagation of electromagnetic waves of certain wavelengths is prohibited. A onedimensional photonic crystal (1D PC) structure has many interesting applications such as dielectric reflecting mirrors, optical switches, filters, and optical limiters. It has also been demonstrated theoretically and experimentally that 1D PCs can have absolute omnidirectional PBGs [7] [8] [9] [10] [11] .
In addition to the existence of wide bandgaps in some properly designed PCs, the feature of a tunable PBG is an interesting property of such PCs. The PBG can be tuned by means of some external agents [12] . For instance, it can be changed by the operating temperature and we call it T-tuning. A superconductor/dielectric PC belongs to this class of PC. This happens because of the temperaturedependent London perturbation length in the superconducting materials [13] [14] [15] . Using a liquid crystal as one of the constituents in a PC, the T-tuning optical response is also obtainable [16] . Recently, PCs containing semiconductor as one of the constituents have also been investigated by many researchers. PCs with intrinsic semiconductor belong to Ttuning devices because the dielectric constant of an intrinsic semiconductor is strongly dependent on temperature [17] .
Although these applications can be realized using pure PCs, but doped or defective PCs may be more useful, just as semiconductor doped by impurities is more important than the pure ones for various applications. The idea of doped PCs comes from the consideration of the analogy between electromagnetism and solid state physics, which lead to the study of band structures of periodic materials and further to the possibility of the occurrence of localized modes in the bandgap when a defect is introduced in the lattice. These defect-enhanced structures are called doped photonic crystals and present some resonant transmittance peaks in the bandgap corresponding to the occurrence of the localized states [18] , due to the change of the interference behavior of the incident waves. Defect(s) can be introduced into perfect PCs by changing the thickness of the layer [19] , inserting another dielectric into the structure [20] , or removing a layer from it [21, 22] .
The introduction of the defect states within PCs has been perceived as a new dimension in the study of photonic crystals, especially in 2D and 3D PCs, due to numerous possible applications that can be achieved by using them. In 2D or 3D PCs, it has been known that a point defect can act as a micro cavity, a line defect like a waveguide, and a planar defect like a perfect mirror [6] . Similar to 2D or 3D PCs, the introduction of the defect layers in 1D PCs can also create localized defect modes within the PBGs. Due to the simplicity in 1D PC fabrications over 2D and 3D PCs, the defect mode can be easily introduced within1D PCs. Such PCs with defect(s) can be exploited for the design of various applications such as in the design of TE/TM filters and splitters [23] , in the fabrication of lasers [24] , and in light emitting diodes [25] . The existence of defect mode in 1D PCs depends upon a number of parameters such as refractive indices of the layers, filling fraction, the thickness of defect layer, and the angle of incidence. If all other parameters are kept constant and the refractive index of the material is changed, then any change in refractive index of a material results to a change or shift the position of the defect mode in the reflection/transmission spectra. In this present communication, a wide range temperature sensor based on one-dimensional photonic crystal with a single defect has been proposed.
Here, we consider the Si/air multilayer system with a defect in the form of a single Si layer in the middle. Si is taken as one of the constituents of a one-dimensional photonic crystal. Since the refractive index of Si depends on temperature [17] , so any change in the temperature of the constituent material will change the refractive index of the material, and hence the wavelength corresponding to the middle of the defect mode will also change or shift. By measuring this change or shift in the position of defect mode, the change in the temperature can be measured, so it can work as a temperature sensor. In this present work, we will restrict our study for normal incidence only. 
Theoretical Analysis
The schematic representation of one-dimensional photonic crystal with defect is represented in Figure 1 .
We consider air/(AB) N D(BA) N /air, in which A and B represent the layers of high and low refractive index materials, and D is the defect layer. To compute the defect mode in the transmission spectrum, we employ the transfer matrix method (TMM) [26, 27] . In this method, the transfer matrix for each layer can be written as
where j stands for A, B, or D layers and Z j and P j are called the dynamical matrix, and the propagation matrix, respectively. The dynamical matrix is given by the following equations:
, for TE mode of polarization,
where θ j is the ray angle in the layers and n j is the refractive index of the layers. Also, the propagation matrix P j can be defined as
where the phase is written as
The transfer matrix, for the structure (Figure 1) , embedded in air, air/(AB) N D(BA) N /air can be written as
where Z 0 is called the dynamical matrix for air.
International Journal of Microwave Science and Technology 3
The transmittance (T) and reflectance (R) can be calculated by using the matrix elements M 11 and M 21 given in (5) as follows:
In the next section, structural parameters of the device have been defined.
Proposed Structure and Structural Parameters
We choose Si for the materials A and D, air for material B, and N = 5 in Figure 1 . Silicon and air have been taken as the high and the low refractive index materials, respectively, and an additional silicon layer (D) as the defect layer. The geometrical parameters are so chosen that the thicknesses of high and low refractive index materials are d 1 = 600 nm, d 2 = 1200 nm and the thickness of defect layer is taken 1800 nm. The thermal expansion coefficient for silicon layer is 2.6 × 10 −6 /K, which is negligible small quantity. So we neglect the thermal expansion of Si layer in our computation.
The refractive index of air is independent of temperature and wavelength. But the refractive index of silicon layer is taken as a function of both wavelength and temperature. The refractive index of Silicon (Si) in the ranges 1.2 to 14 μm and 20-1600 K is represented as [17] 
where ε(T) = 11.4445 + 2.7739 × 10 −4 T + 1.7050 
ΔL(T)
The plot of the refractive index as the function of wavelength and temperature is shown in Figure 2 . From Figure 2 , it is clear that the refractive index of silicon layer increases with the increase in temperature. Therefore, the refractive index contrast increases with temperature.
In the next section, we will compute the transmission spectra of photonic crystal with defect by using (6) as shown in Figure 1 . 
Result and Discussion
In this section, we present the working principle of the proposed temperature sensor. The transmission spectra of the ideal PC (Si/air) 10 at 100 K temperature for normal incidence are shown in Figure 3 . If a defect which is in the form of silicon layer is introduced in this PC, then a defect mode appears inside the bandgap. The transmission spectra of the PC with a defect [(Si/air) 5 Si(air/Si) 5 ] at 100 K temperature are shown in Figure 4 . As shown in this figure a defect mode has a mid-wavelength centered at 1288.3 nm. Thus, from this figure it is clear that if the incident radiation of wavelengths ranging from 1275 nm to 1350 nm is incident normally on the proposed structure at 100 K, then it will pass only 1288.3 nm wavelength and all other wavelengths will be reflected. More interestingly, this defect mode can be shifted to the longer wavelength region by the variation of temperature. The transmission spectra of the proposed structure at various temperature are shown in Figure 5 , and the corresponding data is tabulated in Table 1 . From Figure 5 and Table 1 , it is clear that the transmission peak centered at 1288.3 nm at 100 K has been shifted to 1300.08 nm, 1312.9 nm, and 1326.8 nm corresponding to temperatures at 300 K, 500 K, and 700 K, respectively. Further, it is also clear that as the temperature of the structure increases, the defect mode of transmission shifts towards the higher wavelength region. The dependence of defect modes on temperature is due to the dependence of refractive index on temperature as given in (7). The shifting behavior can be explained by using the phase relation given by (4). According to this equation, as refractive index n(λ, T) increases with temperature, the wavelength must increase accordingly to keep the phase δ unchanged. The variation of central wavelength of defect modes with temperature is shown in Figure 6 . It is found that the central wavelength of defect modes changes approximately linearly with temperature. The average change in central wavelength of defect mode is 0.064 nm/K. This change in central wavelength is almost 9 times more than the previous reported work [28] . So the proposed structure is more sensitive to temperature variation. Earlier studies on defect filters reported response time of the order of ∼ms to ∼ps range with different techniques [29, 30] . Gan et al. achieved a response rise time of 7 μs and a fall time of 14 μs for silicon photonic structures [31] . For the proposed temperature sensor, the response time for silicon will decide slow or fast response. Thus, by measuring the change or shift in the central wavelength of the defect mode, we can measure the temperature in a wide range. Hence, the proposed structure may be used as a temperature sensor in a wide range.
Conclusion
In the present communication, a simple design of temperature sensor has been proposed. The proposed structure is based on the one-dimensional photonic structure with defect. It is found that introduction of defect in the conventional one-dimensional photonic crystal creates a defect mode. Silicon has been chosen as one of the constituents of the device, because refractive index of the Si depends on the temperature. It is found that centre of this defect mode depends on the temperature of the device and it change linearly with temperature. An average change or shift in the central wavelength of defect mode is 0.064 nm/K. So, we can use the proposed device as a temperature sensor. The proposed device may also have many applications in different optical systems.
